The growth of the aviation sector triggered the search for alternative fuels and continued improvements in the combustion process. This work addresses the technological challenges associated with spray systems and the concern of mixing biofuels with fossil fuels to produce alternative and more ecological fuels for aviation. This work proposes a new injector design based on sprays produced from the simultaneous impact of multiple jets, using an additional jet of air to assist the atomization process. The results evidence the ability to control the average drop size through the air-mass flow rate. Depending on the air-mass flow rate there is a transition between atomization by hydrodynamic breakup of the liquid sheet formed on the impact point, to an aerodynamic breakup mechanism, as found in the atomization of inclined jets under cross-flow conditions. The aerodynamic shear breakup deteriorates the atomization performance, but within the same order of magnitude. Finally, our experiments show that mixing a biofuel with a fossil fuel does not significantly alter the spray characteristics, regarded as a step further in developing alternative and more ecological fuels for aero-engines.
Introduction
In the commercial aviation sector, aircraft fleets operate on single fossil fuel products, and contribute to 3% of global carbon emissions [1] . Increasing concerns around the environmental impact of the sector, along with its future growth rate -estimated to be 4.7% every year on fleet basis [2] -raised the interest in improving the efficiency of engine combustion technology to reduce greenhouse gases emissions. One of the most prominent strategies is the use of biofuels based on renewable feedstock toward a more neutral carbon cycle. However, one of the key components in aero-engines is the fuel atomization, and introducing biofuels or mixtures between fossil jet fuels and biofuels requires making sure the differences in thermo-physical properties do not alter spray formation and development, and droplets characteristics.
Alternative fuels allow a faster benefit, since industrial assets of the aeronautical sector do not restrict their development, where high investment costs slow innovation in their production [3] . Using alternative fuels presents further advantages over the use of fossil jet fuel, as a reduced cost fluctuation, a worldwide homogeneous distribution of the feedstock and, depending on the alternative fuel production, better fuel properties [4] . In light of this, the use of alternative jet fuels expects a growth of 30% until 2030 [5] .
Among engine components, the atomizer affects in a great extent the combustion promptness, cleanness, and efficiency. The technological development of this component aims at achieving the best atomization -in terms of evaporation rate and spray penetration -while reducing power consumption for the pressurization of the fuel and, if present, the atomizing fluid.
In this context, this work explores the use of an atomization strategy based on the simultaneous impact of multiple impinging jets (2, 3 and 4) to design a spray system with the ability to have some control over the atomization process. While the use of multiple impinging-jets lowers the liquid supply pressure and produces relatively small droplets (depending on the jet diameter), the assistance of an air-jet is the hypothesis for a more adequate control of the atomization process. To the best of our knowledge, Avulapati and Venkata [6] proposed this strategy for a wide range of experimental conditions, although restricted to the impingement of 2 jets. Besides the injector design, through an analysis of the spray characteristics, we assess the effect of mixing biofuel to a fossil fuel by analysing the atomization efficiency.
Materials and Methods
To investigate the effect of the air assisting the atomization process in a multiple jets impingement strategy, the injector prototype developed can collide up to 12 cylindrical jets. Fig. 1 shows a schematic of the injector design for the case of 2-impinging jets. The injector composes an upper part, referred to as injector tail (A), and a lower part, referred to as injector head (B). The two parts connect on a horizontal surface, referred to as connection surface, through bolted joints. The injector tail is the vertical segment through which the fuel and the air flow from the connections to the corresponding feed lines (C and D) connected with the injector head, which holds the atomizer. The fuel and the air nozzles (E and F) are separate components, screwed to the injector head. Interchangeable nozzles allow using the same injector head for the experimental characterization of different atomizer configurations, in terms of nozzle diameter and length, and number.
The fuel path through the injector has three distinct stages. A first stage through the vertical feed line to the bottom of the injector tail, a second stage, where the fuel follows a horizontal path, and a third stage of angled flowing towards the impingement point G.
The injector tail comprises two concentric tubes, defining the axial channels of both air (within the internal tube) and fuel flow (between the internal and external tubes). Its length is 500 mm for a symmetrical flow development and to compensate any misalignment on the feed-line connection.
In the second stage, the fuel path develops from the inner to the external region of the injector head. As the flow reaches the end of the axial channel, it branches into two radial channels (one for each nozzle block) carved into the injector head connection surface. As for the axial channel, the width of 2 mm guarantees a correct development of the flow within the section. The fuel leakage through the connection plane, directed towards both the external atmosphere and the internal air path, is avoided using an internal and an external large O-rings.
In the third and final stage, the flow moves from the external end of the radial channel to the impingement point with a fixed impingement angle of 45°. The diameter of the fuel inner tube is 0.5 mm, resulting in a laminar flow for all conditions (Re < 2300). In the laminar regime, the entrance length to ensure a fully developed flow at nozzle exit (x fd ) is 0.05Re • . For the highest flow rate, this corresponds to a length of 40 mm, and the tube has 46 mm, thus, every fuel mass flow rate considered is fully developed at nozzle exit. Also in this case, an O-ring between the nozzle screw head and the injector head avoids fuel leakage through the nozzle thread.
The air flow exits from a vertical 10 mm tube coaxial with the fuel feed line, through the injector tail until the 1 mm diameter nozzle. The air flow impingement distance is 10 mm. Fig. 2 shows the injector and the spray produced by the multiple impinging jets atomizer. The experiments used two fuels. A commercial Jet Fuel A-1 used in aero-engines and an alternative fuel 50:50 blending the previous Jet Fuel with a Biodiesel known as NEXBTL (Next Generation Biomass-to-Liquid) produced by Neste Oil. Table 1 presents the relevant physical properties for atomization of the two fuels. 
Experimental Setup and Diagnostic Techniques
During the experiments, the injector was in the vertical position, with the injector head -air and fuel nozzles -on the bottom and the connections to the air and fuel feed-lines on the top. An air feed-line connects to the injector top from the pressurized line at 7.5 bar. A pressure regulator reduces this value to 2.5 bar before entering the rotameter. In these conditions, the line provided a mass flow rate through the air orifice up to 0.6 g/s.
The fuel feed-line connected the pressure vessel to the injector top, loading it in the vessel at atmospheric pressure. A high-pressure bottle of gaseous nitrogen pressurized this vessel, but a pressure regulator set between the two, reduced the 200 bar pressure in the bottle to the injection value of 3.2 bar. A rotameter between the vessel and the end of the feed-line controlled the fuel flow. An additional ball valve allowed for prompt closure, reducing the fuel consumption. This pressure reduction to injection values, coupled with injector head configuration, presented the higher losses, and allowed using the rotameter full scale when setting the fuel mass flow rate. Thus, the maximum value available in these conditions is 5.90 g/s.
A laser diffraction diagnostic technique (Malvern 2600 Particle Size Analyser) was used to measure the droplet size distributions for the various sprays examined as a function of the injector head configuration and position, fuel and air flows. The instrument comprised a low power 5 mW He-Ne laser transmitter and a receiver detector unit. The collimated 9 mm diameter beam, produced by the transmitter associated optics, was directed into the spray perpendicularly to its axis. The receiver lens used was a 300 mm focal length lens, which is able to measure droplets ranging from 5.8 to 564 m. In this study, we restricted the droplet size measurements to spray regions where the obscuration, which is a measure of the attenuation of the laser intensity through the spray, was less than 0.5, so that multiple scattering effects were negligible. Finally, to fit the measured energy distribution we used the model independent (a fifteen parameter function), available in the Malvern software, which provided excellent fits of the experimental data -log errors of around 3.
In addition, a Phantom V4.2 HSC (High Speed Camera) was used to visualize the atomization mechanisms near the impingement point (see Fig. 2 ). An exposure time of 1 μs allowed capturing the ligaments formation and the main structures in the spray pattern.
Results and Discussion
From the results characterizing drop sizes in air-assisted multijet impinging sprays with N j = 2, 3 and 4 impinging jets, we analyse the effect of the air-mass flow rate on the Sauter mean diameter retrieved from the distribution measured by the laser diffraction diagnostic technique. Subsequently, we develop a definition for the efficiency of atomization and analyse the results.
Effect of Air-Mass Flow Rate on Average Drop Sizes
A preliminary analysis of the spray characterization evidenced the air-mass flow rate as the main parameter changing the atomization outcome. Figs. 3 and 4 show the effect of that parameter on the Sauter mean diameter. Note that the size of the symbols in Figs. 3 and 4 is proportional to the fuel mass flow rate. While increasing the mass flow rate leads to larger average drop sizes in every configuration, as reported by several other authors, our results point to the fundamental role of the air flow rate in dominating the atomization process, more than the air/fuel ratio. A closer visualization of the impact point region explains why. Fig. 5 shows the effect of the minimum and maximum air-mass flow rate in the deflection of the impinging jet for the case with 3-jets, and the change in the atomization mechanism from hydrodynamic forces to aerodynamic, with a small increase of air-mass flow rate. The figure reveals that there is a threshold above which increasing the air-mass flow rate leads to a deflection of the impinging jets and, instead of producing droplets by hydrodynamic breakup from the liquid sheet formed at the impact point, the aerodynamic forces dominate breakup, like the atomization of inclined jets under cross-flow [7, 8] . The two images on the right of Fig. 5 show the differences in the spray structure with an increase of 15% in the air-mass flow rate ( 0.18 -0.41 g/s).
The disruptive effect of the aerodynamic forces intensifies the atomization mechanisms, resulting in smaller drop sizes. Only with the 4-impinging jets does the mass flow rate produce some effect on the average drop size. However, it is noteworthy that the order of magnitude of the average drop sizes is similar for all configurations, which points to the possibility of controlling drop size through the atomizing air flow.
With the 50:50 mixture of Jet Fuel and NEXBTL Biodiesel, the dominating effect of the air-mass flow rate remains. However, while in the conventional jet fuel spray, the mass flow rate induced a slight variability in the results, with the fuel mixture, such effect is negligible. These results suggest that mixing biodiesel with fossil jet fuel does not alter the average size of droplets in the spray. In light of this, we suggest an empirical approach to examine the effect of the air-mass flow rate (m / ) on the Sauter Mean Diameter ( ). expressed as
This expression considers a stabilization of as the air-mass flow rate ( ) increases, represented by , . The empirical coefficient a represents a scale parameter associated with the air flow effect, and b its magnitude on the outcome. Fig. 6 shows the results of the curve fitting in Eq. (1) for the experiments with Jet Fuel (left) and biofuel mixed with Jet Fuel (right).
The empirical correlations in Fig. 6 point to the marginal effect of mixing biodiesel to fossil Jet Fuel in terms of the average size of droplets. Therefore, the mixing does not appear to generate droplets with different characteristics in the experiments reported. However, the increase of exponent b in the correlation with the Jet Fuel-Biodiesel 50:50 mixture suggests an improvement of the air-mass flow rate ability for controlling average drop size. This points to a robust atomization strategy based on air-assisted multiple impinging jets, although requiring an analysis from the point of view of the atomization efficiency, performed below.
The correlations in Fig. 6 are still dimensional. Thus, if we normalize by the lower limit to the average drop size ( , ), resulting from the effect of the air-mass flow rate, * , and, instead of the air-mass flow rate, consider the relation between a scale for the volumetric kinetic energy of the air jet,
where / is the air density, the diameter of the air jet at nozzle exit, relatively to a scale for the volumetric surface energy of the lower limit for the average drop size A possible explanation for the stabilization of might be related to the change of the breakup mechanisms. When aerodynamic forces dominate breakup, a liquid sheet forms at the end of the deflected jet before reaching the impact point, detaching in ligaments by shear breakup further downstream. The scale of shear breakup involves the wavelength of the liquid surface waves, which is of the order of λ s /d j ≈ 0.1 [9] . Therefore, considering the size of our impinging jets, this results in λ s ≈ 50 μm, which is similar to the Sauter mean diameter measured for the highest air-mass flow rate.
Atomization Efficiency
The definition of the atomization efficiency is not straightforward. Avulapati and Venkata [6] define it for airassisted multiple impinging jets atomization as a. the difference between the sum of surface energy of all droplets and the jets' initial surface energy; b. divided by the sum of gas and liquid energy.
The energy in the air jet corresponds to the isothermal compression required to compress the atomizing air. However, this assumption is based on effervescent sprays where the air dissolved in the liquid compose the twophase mixture injected. We argue instead that air-assisting multiple impinging jets relates the final volumetric surface energy of droplets produced by atomization, 
Therefore, while in effervescent sprays the air assists atomization from inside out, in our case and the case of Avalupati and Venkata [6] , the assistance is the opposite. Fig. 9 depicts the results obtained for the atomization efficiency in the present experiments. The present efficiency values are larger than those reported by other authors. This could be the result of the definition of the atomization efficiency. Although a higher air-mass flow rate produces smaller droplets due to a change in the atomization mechanism (from hydrodynamic to aerodynamic), this occurs as the cost of performance, since, obtaining droplets of smaller sizes means a lower atomization efficiency because is takes more energy to breakup the liquid into smaller droplets. It is noticeable that the atomization efficiency is more sensitive to the mass flow rate in the case of 4-jets relatively to the remaining configurations. However, when biodiesel is mixed with Jet Fuel, we observe some changes. Namely, (i) the atomization efficiency ceases being affected by the mass flow rate, which is more evident with the 4-jets spray; (ii) the effect of the gas mass flow rate on atomization efficiency is more systematic; and (iii) maximum atomization efficiency obtained between 0.2 0.25 / in every configuration.
Concluding Remarks
The continued growth rate of the aviation sector demands the search of alternative and more ecological fuels. However, this implies optimizing the combustion process for the new fuels and improved spray systems as key components. The purpose of this work is twofold. First, we propose a new injector design based on air-assisting multiple impinging jets sprays. Second, we address the concern that mixing biofuel to a fossil fuel, as a first approach to produce alternative fuels, might alter sprays characteristics and the combustion process. The results point to the following conclusions:  in multiple impinging jets sprays, considering 2, 3 and 4 jets, the air flow rate assisting atomization allows some control over the average drop size;  a transition occurs between hydrodynamic and aerodynamic atomization breakup mechanisms when the airmass flow rate increases;  this transition deteriorates the efficiency of the atomization process, but within the same order of magnitude the range of air flow rates considered;  mixing biofuel with fossil jet fuel does not significantly alter spray characteristics, thus, this alternative should not produce changes in droplets characteristics that would negatively influence the combustion process.
